The adrenocorticotropic hormone (ACTH) and cortisol responses to apomorphine (APO), a direct acting dopamine
Apomorphine (APO) is a direct acting dopamine (DA) agonist with similar potency at D 2 and D 3 receptors (Sokoloff et al. 1990) . It is also a weak D 4 agonist (Seeman and Van Tol 1990; Mansbach et al. 1998) , and a partial D 1 receptor agonist (Creese 1987) . Numerous studies have examined the growth hormone (GH) and prolactin (PRL) response to APO in patients with schizophrenia (SCH) in order to study the role of DA in the etiology of schizophrenia and the mechanism of action of antipsychotic drugs (Meltzer et al. 1984; Zemlan et al. 1986; Tamminga et al. 1977; Muller-Spahn et al. 1998; Brown et al. 1988; Lieberman and Koreen 1993; Ettigi et al. 1976; Ferrier et al. 1984) . In addition to effects on GH and PRL, APO also stimulates adrenocorticotropic hormone (ACTH) and cortisol in man (Jezova and Vigas 1988; Mokrani et al. 1995) and animals (Surmann and Havemann-Reinecke 1995) .
In the only published study of the effect of APO on the hypothalamic-pituitary adrenal (HPA) axis in SCH, Mokrani et al. (1995) reported blunted plasma adrenocorticotropic hormone (ACTH) and cortisol responses to APO in drug-free patients with SCH (N ϭ 46) or schizoaffective disorder (SAD) (N ϭ 16), compared to both hospitalized medical controls (N ϭ 18) and pa-tients with major depression (N ϭ 50). Mokrani et al. (1995) also reported significant positive correlations between the GH response and the cortisol and ACTH responses to APO in these groups of subjects. The blunted HPA axis responses were present in patients with SCH, paranoid type, or schizoaffective disorder, but not in patients with SCH, disorganized type.
Most studies report the GH response to APO in chronic SCH is not significantly different from that of normal controls (Tamminga et al. 1977; Meltzer et al. 1984; Muller-Spahn et al. 1998 : Zemlan et al. 1986 Brown et al. 1988; Lieberman and Koreen 1993) However, a few studies found blunted GH response in patients with SCH (Ettigi et al. 1976; Ferrier et al.; while others report an enhanced response, especially in more acutely ill patients (Cleghorn et al. 1983; Zemlan et al. 1986 ). There is evidence that these discrepancies may relate to differences in gender and duration of illness (Meltzer et al. 1984 , Ferrier et al. 1984 ) with diminished GH response to APO more likely in male patients with greater duration of illness.
Most studies have reported that the APO-induced PRL suppression in patients with SCH was not different from the control groups (Meltzer et al. 1984; Ettigi et al. 1976; Ferrier et al. 1984; Mokrani et al. 1995) . However, Tamminga et al. (1977) reported that APO produced a lesser decrease in serum PRL levels in patients with SCH than normals.
Neural mechanisms mediating APO-stimulated HPA axis responses appear to differ from those of APO-induced GH or PRL responses (to be discussed in more detail subsequently). Animal studies have reported that DA agonist-stimulated HPA axis responses are mediated via D 1 and/or D 2 receptor stimulation (Borowsky and Kuhn 1992; Fuller and Snoddy 1984) . In addition, ventral striatum, which is one of anatomical regions related to pathophysiology of SCH, has been reported to be involved in the corticosterone secretion induced by the combined administration of D 1 /D 2 agonists (SKF 38393/quinpirole) in rats (Ikemoto and Goeders 1998) . Thus, the APO-stimulated HPA axis responses may reflect mesolimbic D 1 and/or D 2 receptor function, which makes it more ideal than the APOinduced GH or PRL response for the study of DA receptor function in SCH.
The purpose of this study was to determine whether the plasma cortisol response to APO in unmedicated patients with SCH was significantly diminished compared to that of normal controls. In addition, we also examined the relationship between the APO-stimulated cortisol response, psychopathology, and response to antipsychotic drug treatment. Furthermore, we contrasted the cortisol response to APO to GH and PRL responses to APO to examine relationships between them. Data on GH and PRL responses to APO from a subgroup of patients with SCH (N ϭ 40) and normal controls (N ϭ 16) have been previously reported (Meltzer et al. 1984) . This study reports data on GH and PRL responses to APO in the final sample (71-98 patients) including data from previously reported subjects.
METHODS

Subjects
The effect of APO on plasma cortisol (APO-CORT) was determined in 51 patients (42M, 9F; mean age 36.1 Ϯ 8.3 yrs) meeting DSM-III-R (American Psychiatric Association 1987) criteria for SCH or SAD and 15 normal controls (10 M, 5 F; mean age 25.5 Ϯ 5.7 yrs). Diagnosis was established on the basis of the Schedule for Affective Disorders and Schizophrenia Lifetime (SADS-L) and Change (SADS-C) versions (Endicott and Spitzer 1978) . A history of response to neuroleptic treatment was obtained from the patients, from medical records and significant others, in order to classify patients as neuroleptic resistant or not by the criteria of Kane et al. (1988) . Twenty-one patients (41.2%) were considered to be neuroleptic-responsive and 30 (58.8%) were neuroleptic-resistant. Twenty-four patients met criteria for paranoid SCH, 20 for undifferentiated SCH, one for disorganized SCH, and one for SAD. Demographic characteristics and baseline psychopathology of the patients SCH are presented in Table 1 . GH data (APO-GH) were available for 71 patients with SCH (61 M, 10 F; mean age 34.9 Ϯ 7.2 yrs). Of these, 31 (43.7%) were neuroleptic-resistant SCH. One patient could not be reliably classified. These data were compared to that from 16 normal controls (13 M, 3 F; mean age 34.6 Ϯ 11.8 years). Thirty-two patients and six normal controls had both GH and cortisol data. PRL data (APO-PRL) was available from 98 patients with SCH (84 M, 14 F; mean age 35.8 Ϯ 7.7 yes) and 25 controls (19 M, 6 F; mean age 30.4 Ϯ 10.5 yes). Of those, 50 (51.0%) were neurolepticresistant SCH and four patients who could not be reliably classified in this regard. Serum PRL and cortisol data were available from 47 patients and 8 controls.
The normal controls were interviewed using SADS-L to screen for psychiatric illness in themselves as well as first-degree relatives. All subjects were screened for any significant medical and neurological problems by history and physical examination, comprehensive blood and urine tests, and urine drug screen. CT or MRI of the head, or EEG, or both, were performed if necessary to rule out neurological abnormalities.
Patients were drug-free for at least seven days before APO challenge, either because of non-compliance prior to admission, or agreed to neuroleptic withdrawal in order to participate in this study. No patient had received a depot neuroleptic within two cycles of their prior administration schedule. Patients were closely monitored during the drug-free period in order to minimize any discomfort, or to detect any early signs of deterioration, which could lead to immediate medical intervention. In addition, patients were required to be free of substance abuse for three months before entering the study.
This protocol was approved by the Institutional Review Board of University Hospital of Cleveland. Written informed consent was obtained from all patients after the procedure had been fully explained before admission to the study.
Psychopathology Ratings and Antipsychotic Drug Treatment
The Brief Psychiatric Rating Scale (BPRS) (Overall and Gorham 1962 ) (0-6 Scales) was employed to evaluate severity of psychopathology. In addition, in some of patients (see RESULTS), the psychopathology rating was repeated after six weeks of treatment with either clozapine or a typical neuroleptic drug. The former was given to patients who were neuroleptic-resistant or intolerant patients.
APO Administration
Subjects were fasted after midnight on the night before the testing day. On the following morning, at 8 A . M ., an indwelling catheter was inserted in the forearm vein of each subject. Thirty minutes after the catheter insertion, a baseline blood sample was collected into heparinized syringes followed by two additional samples at 15-min intervals (T Ϫ 30, T Ϫ 15, T0). Immediately following the last baseline blood collection (T0), either APO (0.01 mg/kg) or normal saline (placebo) was administered subcutaneously, in random order. Each subject had two days of study at least 48 hours apart. Additional blood samples were collected at 30-min intervals for a 2-hour period. The subject was kept at bed rest during the study, except to go to the toilet if necessary. The catheter studies were conducted single blindly.
The dose of APO was 0.01 mg/kg. This translated to 0.82 Ϯ 0.13 mg (range: 0.59-1.17 mg) for patients with SCH and 0.71 Ϯ 0.17 mg (range: 0.48-1.08 mg) for normal controls in the sample for the cortisol analysis. The mean doses were very similar for the sample in the GH and PRL analyses.
Hormone Assays
Plasma GH, PRL, and cortisol concentrations were measured by standard double antibody radioimmunoassay. The kit used to measure plasma cortisol was purchased from Diagnostic Products (Los Angeles, CA). Plasma GH and PRL assays have been described elsewhere (Meltzer et al. 1984) . The within and between assay coefficients for variation for the hormone studies were less than 5%.
Statistical Analysis
The plasma cortisol, GH, and PRL responses to APO were determined by the area under the curve (AUC) using Simpson's Rule. Univariate analysis of covariance (ANCOVA) was used to compare the plasma cortisol, GH, and PRL responses to APO between groups after correcting for placebo response, as well as performing analysis on protocol effect within subjects. Baseline hormone levels were covaried for APO-CORT and APO-PRL responses, and gender and age were covaried for the APO-GH and APO-PRL responses, as these variables were related with hormone responses. Weight was not covaried as it was not significantly correlated with any hormone responses to APO (data not shown). In addition, data were also analyzed for the male patients only for APO-GH and APO-PRL due to small female samples in normal controls. Data from two subjects with baseline GH levels Ն 6 mg/ml were excluded from the analysis. The least significant difference test was used for post hoc tests of significance when the overall F-Test was significant. Pearson correlation coefficients were used to examine the relationships between variables.
RESULTS
Baseline Plasma Cortisol, GH, and PRL Levels
Baseline plasma cortisol levels were significantly higher in patients with SCH compared to normal controls [F(1,64) ϭ 9.28, p ϭ .003] ( Table 2 ). The baseline plasma GH [F(1,85) ϭ 0.21, NS] and PRL [F(1, 118) ϭ 0.18, NS] levels were not significantly different between patients with SCH and normal controls ( Table 2) . No gender differences in baseline plasma cortisol and GH levels were found (data not shown). However, the baseline plasma PRL levels were significantly higher in females than males in both groups [F(1,118) ϭ 7.30, p ϭ .008]. There was no difference in baseline plasma cortisol, GH and PRL levels between subtypes of SCH and between neuroleptic-resistant and responsive SCH (data not shown).
Plasma Cortisol Responses to APO
The time course of the cortisol response to APO was similar to that reported by Mokrani et al. (1995) , with the peak increase at 60 min. . The mean cortisol response in the patients was 74.8% lower than that of the controls. Twenty-five of 51 (49.0%) of the SCH patients compared to only 2/15 (13.3%) of the normal controls had no change or a decrease in cortisol levels after APO administration (X 2 ϭ 6.11, p ϭ .01). The plasma cortisol response following APO was not different between males and females in patients with SCH (t ϭ 0.89, df ϭ 49, NS) or normal controls (t ϭ 0.52, df ϭ 13, NS). there was a trend for neuroleptic-responsive SCH (N ϭ 21)(AUC:8.5Ϯ22.7 cm 2 )to also have lower cortisol responses compared to normal controls (p ϭ .07); the two types of patients with SCH were not significantly different. APO-CORT responses in paranoid and undifferentiated types of SCH did not differ from normal controls [F(2,51) ϭ 2.39, p ϭ .1]; no difference in the APO-CORT response between these two subtypes of SCH was noted. The cortisol response to APO in the patients with SCH was significantly negatively correlated with baseline plasma cortisol levels (r ϭ Ϫ0.35, N ϭ 51, p ϭ .01); nonsignificant, but in the same direction was present in the normal controls (r ϭ Ϫ0.39, N ϭ 15, p ϭ .1). However, there was no significant difference in baseline plasma cortisol levels between those patients with positive cortisol responses to APO (11.1 Ϯ 4.2 g/dl) vs. those without (13.2 Ϯ 5.3 g/dl; t ϭ 1.58, p ϭ .12).
The effect of current smoking status on the APO-CORT response was examined. Smoking status did not influence the APO-CORT response [F(2,22) ϭ 0.69, NS]. Similarly, both group of subjects with or without history of substance abuse had significantly lower APO-CORT responses compared to normal controls (data not presented). There was no significant difference in the APO-CORT response between patients with and without history of substance abuse (p ϭ .4).
Both patients and normal controls tolerated APO without significant side effects except for occasional mild nausea. There was no difference in the APO-CORT response in subjects with and without nausea (data not shown). No significant behavioral effect was observed after APO administration in either group.
Plasma GH and PRL Responses to APO
The GH response following APO were significantly lower in all females compared to males [F(1,82) ϭ 3.79, p ϭ .05]. Due to the small number of females in normal controls (N ϭ 3) and the gender effect on APO-GH responses, GH responses were further examined in the male subjects only. The GH response to APO was significantly decreased in male patients with SCH compared to interactions. These were due to higher PRL suppression by APO in male than in female, and stimulation of PRL release by APO in female controls instead of suppression, respectively. Due to too few female controls (N ϭ 6) to compare with the female patients, the APO-PRL responses was examined further in the males only. The PRL response to APO was not significantly different in male patients with SCH compared to male normal controls [F(1,99) ϭ 1.35, p ϭ .25]. In addition, there was no significant difference between subtypes of SCH, and between neurolepticresponsive and resistant SCH (data not shown). The baseline plasma PRL levels were significantly negatively correlated with APO-PRL responses in both patients with SCH (r ϭ Ϫ0.57, N ϭ 98, p ϭ .0001) and normal controls (r ϭ Ϫ0.45, N ϭ 25, p ϭ .02).
The Relationship between APO-stimulated Plasma Cortisol, GH, and PRL Responses
The APO-CORT and APO-GH responses were significantly positively correlated in patients (r ϭ 0.54, N ϭ 32, p ϭ .001) and normal controls (r ϭ 0.87, N ϭ 6, p ϭ .02). The APO-CORT and APO-PRL responses were significantly positively correlated in patients (r ϭ 0.50, N ϭ 47, p ϭ .03), but not in normal controls (r ϭ 0.50, N ϭ 8, p ϭ .2). The APO-PR1 and APO-GH responses were significantly negatively correlated in normal controls (r ϭ Ϫ0.56, p ϭ .05), but positively in the patients (r ϭ 0.33, N ϭ 68, p ϭ .005). The APO-GH response was not significantly different between the patients with no change or a decrease in cortisol levels and the patients with an increase in cortisol following APO in the total sample NS), BPRS Positive (r ϭ Ϫ0.04, NS) and WithdrawalRetardation (r ϭ 0.13, NS) subscales, the drug washout period (r ϭ Ϫ0.05, NS), or the duration of illness (r ϭ Ϫ0.16, NS). The subjects who did not have an increase in plasma cortisol levels after APO did not differ in psychopathology from those who did have an increase (data not shown). They also did not differ in age, age at onset, duration of illness or number of previous hospitalizations (data not shown).
Plasma GH responses to APO were not significantly correlated with BPRS Total (r ϭ 0.21, p ϭ .1), BPRS Positive (r ϭ 0.16, NS) or Withdrawal-Retardation (r ϭ 0.11, NS), or the drug washout period (r ϭ Ϫ0.17, NS). However, there was a trend for a negative correlation with duration of illness (r ϭ Ϫ0.21, p ϭ .08).
Plasma PRL responses to APO were not significantly correlated with BPRS Total (r ϭ 0.18, p ϭ .1), BPRS Positive (r ϭ 0.22, p ϭ .1) or Withdrawal-Retardation (r ϭ 0.05, NS), duration of illness (r ϭ Ϫ0.07, NS) or duration of drug washout period (r ϭ 0.03, NS).
The Relationship between the Cortisol, GH, and PRL Responses to APO and Response to Drug Treatment at Six Weeks
Thirty-five patients (26 neuroleptic-resistant, 9 neuroleptic-responsive) with pretreatment APO-CORT data, 42 patients with APO-GH data, and 40 patients with APO-PRL data had BPRS assessments at baseline and after six weeks of drug treatment. Patients were divided into treatment responders and non-responders based on Ն20% improvement of BPRS Total scores compared to baseline. The APO-CORT response was significantly higher in responders (N ϭ 13, AUC:22.0 Ϯ 20.3 cm 2 ) than non-responders (N ϭ 22, AUC:0.6 Ϯ 15.6 cm 2 ) (t ϭ Ϫ3.51, df ϭ 33, p ϭ .001). The APO-CORT response was also examined separately in the 16 patients treated with clozapine. Clozapine responders (N ϭ 7, AUC:18.7 Ϯ 19.9 cm 2 ) had significantly higher cortisol responses compared to non-responders (N ϭ 9, AUC:Ϫ1.5 Ϯ 16.9 cm 2 ) (t ϭ Ϫ2.20, df ϭ 14, p ϭ .04). On the other hand, the APO-GH response was not significantly different between responders (N ϭ 15) and nonresponders (N ϭ 27) in the total sample (t ϭ 0.20, df ϭ 40, NS), in male patients only (14/35 responders) (t ϭ 0.66, df ϭ 33, NS), or in male clozapine-treated patients (4/10 responders) (t ϭ 1.11, df ϭ 8.0, NS). Similarly, the APO-PRL response was not significantly different between responders (N ϭ 16) and non-responders (N ϭ 24) in the total sample (t ϭ Ϫ1.63, df ϭ 38, p ϭ .1), in male patients (13/31 responders) (t ϭ Ϫ1.09. df ϭ 29, NS) or in male patients treated with clozapine (7/16 responders) (t ϭ 0.70, df ϭ 14, NS).
DISCUSSION
The major findings of this study are 1) the plasma cortisol response to APO was blunted in male and female patients with SCH compared to normal controls; 2) the plasma GH response to APO was blunted in the male SCH compared to male normal controls; 3) poor responders to six weeks of antipsychotic drug treatment had significantly lower APO-CORT responses compared to better responders; 4) the baseline cortisol level was significantly higher in patients with SCH compared to normal controls. In addition, the GH and PRL responses to APO were significantly positively correlated with the APO-CORT response in patients with SCH.
The Hormone Responses to APO
The extent of blunting of the plasma cortisol responses to APO in patients with SCH compared to normal controls observed here was similar to that reported by Mokrani et al. (1995) . These authors also reported blunting of the ACTH response to APO in patients with SCH. This suggests that the diminished cortisol response to API in patients with SCH is centrally mediated. Further evidence in support of this will be presented subsequently. No evidence for a DA-mediated effect to increase cortisol secretion from bovine adrenal cells in culture has been found (Bird et al. 1998) . The positive correlation between the APO-CORT and APO-GH responses and the absence of gender and age effects on the APO-CORT responses are also consistent with findings of Mokrani et al. (1995) . On the other hand, we were unable to confirm the finding of Mokrani et al. (1995) that the cortisol response to APO was more impaired in paranoid than in disorganized SCH. The lack of significant difference between paranoid and undifferentiated types of SCH and normal controls in this study appeared to be due to a small sample size, as at least 30 subjects per group are required to produce significant difference between groups, with type I error of 0.05, power of 80%. Mokrani et al. (1995) found that patients with depression had a normal cortisol response to APO, suggesting some specificity of the blunted cortisol response to APO for SCH and SAD. Since patients with major depression usually have elevated basal cortisol levels (Sachar et al. 1970) , it seems unlikely that the blunted cortisol response to APO in the patients with SCH or SAD are due to the elevated basal cortisol levels noted here. In addition, baseline cortisol levels were covaried in the analysis.
The plasma GH response to APO was significantly blunted in male SCH patients compared to male normal controls. This blunted GH response was found in neuroleptic-responsive and resistant SCH as well as in paranoid subtypes of SCH. The degree of blunting in GH secretion in response to APO was somewhat less than that for cortisol. Ettigi et al. (1976) , who studied 17 male patients with SCH compared to 21 male controls, also reported blunted APO-GH responses in patients with SCH, consistent with the result of this study. As in this study, APO-GH response have been consistently reported to be lower in female normal controls and patients with SCH (Lal 1988) . No difference in the PRL response to APO between male patients with SCH and male controls was also consistent with prior reports (Meltzer et al. 1984 , Ettigi et al. 1976 Ferrier et al. 1984; Mokrani et al. 1995) .
Factors Affecting Hormone Responses to APO
As APO was well-tolerated, and the study was placebocontrolled, it is unlikely that the blunted cortisol and GH responses to APO should be attributed to stress. In addition, Brambilla et al. (1997) have reported the blunted APO-GH response in patients with obsessivecompulsive disorder compared to normals, in spite of the stronger emetic response in patients. Thus, stress response to side effects of APO does not appear to be a significant factor influencing hormone responses. Furthermore, the APO-induced PRL response, which is a stress responsive hormone, did not differ between patients with SCH and control in this and other studies (Meltzer et al. 1984; Ettigi et al. 1976; Ferrier et al. 1984) . The APO-CORT response was significantly negatively related to baseline plasma cortisol levels. This suggests that the blunted cortisol response to APO is unlikely to be due to inability to secrete cortisol or to increased clearance of cortisol from plasma. Furthermore, there is evidence that the blunted cortisol response to APO was not due to a ceiling effect or lack of availability of cortisol in the adrenal gland. We have found that the cortisol responses to serotonin (5-HT) agonists, such as 6-chloro-2-(1-piperazinyl)-pyrazine (MK-212) and m-chlorophenylpiperazine (MCPP), are not significantly diminished in patients with SCH and are significantly greater than those produced by APO (Ranjan et al. 1995; Maes and Meltzer 1996) . Neither we nor Mokrani et al. (1995) measured plasma APO levels, so it is possible that pharmacokinetic factors could contribute to the difference in cortisol response to APO. However, the finding that the PRL responses to APO was not significantly different in the patients with SCH compared to normal controls (Meltzer et al. 1984; Ettigi et al. 1976; Ferrier et al. 1984; Mokrani et al. 1995) suggests that availability of APO may not be different between the groups.
The blunted control and GH responses to APO in SCH are not likely to be due to residual neuroleptic effect, since there was no significant correlation between the duration of drug washout and the cortisol and GH response to APO. Furthermore, baseline plasma PRL levels, which would have been elevated by residual neuroleptic drug, were not significantly different between the patients with SCH and the normal controls in this study. In addition, the cortisol response to APO was not correlated with age or duration of illness, indi-cating that the blunted APO-CORT response was not related to age or chronicity of illness. On the other hand, the APO-GH response was negatively correlated with age and duration of illness in this and our previous study (Meltzer et al. 1984) .
Since smoking has been reported to increase plasma cortisol in normals (Kirschbaum et al. 1992 ) and about 70-80% of patients with SCH have been reported to smoke (deLeon 1996), we examined the influence of smoking on the APO-CORT response. We found no effect of smoking status on the APO-CORT response. In addition, subjects were not allowed to smoke from one hour prior to catheter insertion. Similarly, past history of substance abuse did not affect the APO-CORT response.
DA Receptors Mediating Hormone Responses to APO
Animal studies have suggested that increased activity of the HPA axis can result from either D 1 or D 2 receptor stimulation. For example, Borowsky and Kuhn (1992) reported that both the D 1 agonist SKF 38393, and the D 2 /D 3 agonist, quinpirole, stimulate the HPA axis in rats. Furthermore, the D 1 antagonist, SCH 23390, and the D 2 antagonist, sulpiride, blocked the ACTH and corticosterone increases induced by the corresponding D 1 and D 2 agonists respectively. Fuller and Snoddy (1984) have reported that the ED 50 values of 14 DA antagonists for inhibition of the stimulation of corticosterone by pergolide, a DA agonist with a high affinity for D 2 and D 3 receptors (Sokoloff et al. 1990 ) and a moderate affinity for D 1 receptors correlated well with its affinity for the D 2 receptor, but not with its affinity for the D 1 receptor. In addition, the pergolide-stimulated corticosterone response was blocked by centrally acting antagonists (e.g. haloperidol and spiperone) but not by a peripherally acting DA antagonist (domperidone) (Fuller and Snoddy 1981) . Administration of a D 1 or D 2 agonist, or the DA uptake inhibitor GBR 12909 into the third ventricle or the paraventricular nucleus of the hypothalamus (but not into the lateral ventricle), stimulated the HPA axis Kuhn 1992, 1993 ). In addition, Casolini et al. (1993) have reported that both basal and stressinduced corticosterone secretion is reduced by lesioning the ventral segmental area, the origin of the mesolimbic dopaminergic system. Furthermore, as mentioned earlier, the ventral striatum has been reported to play an important role mediating the corticosterone secretion induced by combined administration of D 1 D 2 agonists (SKF 38393/quinpirole) in rats (Ikemoto and Goeders 1998) . Systemic pretreatment with haloperidol attenuated the elevated corticosterone secretion induced by intra-ventral striatal administration of the two DA agonists (Ikemoto and Goeders 1998) . These results suggest that DA stimulates the HPA axis in rodents via stimulation of D 1 or D 2 receptors, or both, at both the hypothalamic and ventral striatal level. In man, reports are conflicting regarding the role of DA on HPA axis. For example, Jezova and Vigas (1988) and Mokrani et al. (1995) have reported HPA axis stimulation by APO. However, infusion of DA into normal males and females for 5 hrs, at two different dose levels, had no effect on plasma ACTH or cortisol (Boesgaard et al. 1990) . Similarly, the D 2 receptor agonist bromocriptine did not affect ACTH or cortisol level in normal controls (Degli et al. 1979) . Furthermore, administration of fenoldopam, a specific D 1 agonist, significantly decreased both ACTH and cortisol levels in normal males but not females (Boesgaard et al. 1990 ). They concluded that there are inhibitory D 1 receptors at the hypothalamic level.
The APO-stimulated GH responses has been reported to be antagonized by central as well as peripheral D 2 antagonists (Lal 1988) . On the other hand, neither the D 1 receptor agonists, SKF 38393 and fenoldopam (Fabbrini et al. 1988; Boesgaard et al. 1990 ), or the D 1 antagonist, NNC 01-0687 (Grodum et al. 1998) , affected basal serum GH levels in man. Thus, it is unlikely that D 1 receptor stimulation by APO is important to its ability to stimulate GH secretion.
DA produced by the tuberoinfundibular DA neuron inhibits the release of PRL through an action on the D 2 receptor on the pituitary lactotrophs (Ben-Jonathan 1985) . Chang and Shin (1999) have reported that DA agonists (DA, apomorphine and bromocriptin) inhibit as well as stimulate PRL release by short form of D 2 receptors. SCH 23390 pretreatment has been reported to block PRL suppression induced by APO (Apud et al. 1985) and attenuated PRL release by haloperidol (Saller and Salama 1986) . Thus, both D 1 and D 2 receptors appeared to be involved in PRL suppression induced by DA agonists at the pituitary.
The Dopaminergic Mechanism Mediating the Blunted Cortisol and GH Responses to APO
The blunted APO-CORT responses in male and female patients with SCH and the blunted GH response in male SCH patients suggests that either the DA receptors mediating these responses are subsensitive to DA or some step in the cascade leading to the release of these hormones is less effective in patients with schizophrenia. Since the APO-stimulated cortisol and GH responses were significantly positively correlated with each other, we hypothesize that the APO-CORT and GH responses share some elements in common, probably mediation by post-synaptic D 2 DA receptor stimulation. However, D 2 receptor mechanisms appear to be insufficient to fully explain the APO-CORT response. The GH response to APO is completely blocked by chronic treatment with typical antipsychotic drugs, as well as clozapine (Lal 1988; Meltzer 1989) . How-ever, in a small sample of patients, we have found that chronic treatment with clozapine, which suppresses GH responses to APO, showed a trend to increase the APO-CORT response compared to the response in the unmedicated state (Meltzer and Lee, unpublished observation) . This is consistent with the studies in rats reporting that a single dose of clozapine stimulated ACTH and corticosterone secretion Surmann and Havemann-Reinecke 1995) and enhanced the ability of APO to stimulate ACTH and corticosterone secretion in rats (Surmann and Havemann-Reinecke 1995) . As mentioned earlier, D 1 DA receptor stimulation appears to be sufficient to stimulate the HPA axis (Borowsky and Kuhn 1992) . However, D 1 receptors do not appear to be involved in GH secretion in man (Boesgaard et al. 1990; Fabbrini et al. 1988; Grodum et al. 1998) . Thus, the blunted APO-CORT response may be related to functional impairment of D 1 or D 2 receptor mediated events, or both, while the blunted APO-GH response may be related to functional impairment of D 2 receptor. Recent neuroimaging studies have reported significantly greater reduction of D 2 receptor binding in the striatum after amphetamine challenge in patients with SCH compared to normals, suggesting enhanced synaptic DA transmission in SCH (Laruelle et al. 1996; Breier et al. 1997) . Enhanced synaptic DA transmission could produce functional subsensitivity or down-regulation of post-synaptic DA receptors, which could contribute to the blunted cortisol and GH response to APO.
It is also possible that the APO-GH response may be mediated via peripheral D 2 receptors as has been reported by Lal (1988) and the APO-CORT response may be mediated via central D 2 receptor stimulation (Borowsky and Kuhn 1992; Snoddy 1981 1984) .
The APO-CORT response appears to be independent of serotonergic influences. Treatment with clozapine inhibits cortisol responses stimulated by 5-HT agonists in patient with SCH (Meltzer 1993; Kahn et al. 1993; Curtis et al. 1995) , which is in contrast to the enhanced APO-CORT responses during clozapine treatment mentioned earlier (Meltzer and Lee, unpublished observation) . Furthermore, APO-CORT responses were not correlated with cortisol responses to serotonergic agonists (e.g. L-5-hydroxytryptophan, MK-212, a 5-HT 2A / 2C agonists, or ipsapirone, a 5-HT 1A agonist) in normal controls (Meltzer and Lee, unpublished observation) , which is consistent with a rodent study reported by Fuller and Snoddy (1984) . In addition, cortisol response to 5-HT 2A / 2C agonists (MK-212 and MCPP) were not different between patients with SCH and normals (Ranjan et al. 1995; Maes and Meltzer 1996) .
The APO-Cortisol Response and Response to Treatment
The APO-CORT response was not correlated with severity of psychopathology as measured by the BPRS ratings. However, the finding that non-responders to six weeks of antipsychotic drug treatment had significantly lower APO-CORT responses compared to responders suggests that the cortisol response to APO may be related to the central mechanisms which mediate short term improvement in psychopathology in response to typical neuroleptic drugs or clozapine. This contrasts with the lack of relationship between the cortisol response to APO and classification of patients based on their history of treatment responsivity. This suggests that at least some facets of ability of antipsychotic drug treatment to improve psychopathology and the hormone response to APO may reflect actions or related elements of dopaminergic neurotransmission. As mentioned earlier, ventral striatum, which is an anatomical region involved in pathophysiology of SCH (Lieberman and Koreen 1993) , has been reported to be an important region mediating the corticosterone secretion induced by DA agonists in rodents (Ikemoto and Goeders 1998) . This may explain why cortisol, but not GH or PRL, responses to APO, predicted treatment response at six weeks. However, it should be noted that Szymanski et al. (1995) previously reported that the APO-induced PRL and GH responses were correlated with response to clozapine at weeks 9 and 12, but not at weeks 3 and 6.
Nitric Oxide and Apomorphine
In light of the unusual effects of clozapine on the cortisol response to APO noted above, we considered whether some effect of APO on a non-dopaminergic system might contribute to the striking difference between patients with SCH and normal controls with regard to its ability increase plasma ACTH and cortisol levels. Nitric oxide (NO) is of interest in this regard since there is considerable evidence that it has an inhibitory effect on corticosterone secretion and that apomorphine enhances NO formation (Melis et al. 1996) . NG-nitro-L-arginine methyl ester (L-NAME), an inhibitor of NO synthase, has been reported to increase basal ACTH and corticosterone secretion in rodents (Adams et al. 1992; Giordano et al. 1996) . Thus, APO-stimulated NO formation may modulate APO-induced ACTH and cortisol secretion in man. The diminished cortisol response to APO in some patients with SCH might be related to relatively increased production of NO. NO synthase activity in post-mortem brain specimens has been reported to be higher (Karson et al. 1996) or not different (Doyle and Slater 1995) in cerebellum of patients with SCH compared to normal controls. On the other hand, the density of NO synthase-immunoreactive neurons has been reported to be lower in paraventricular neurons in patients with SCH compared to normal controls (Bernstein et al. 1998) . Abnormalities in NO synthesis have been implicated in neurodevelopment and increasing the vulnerability to develop SCH (Akbarian et al. 1993; Black et al. 1999 ). Nitric oxide has been shown to increase the release of DA and influence the activity of the DA transporter in the striatum (Lonart et al. 1993 , Kiss et al. 1999 . It is possible that excessive NO synthesis might be involved in some more basic aspects of SCH along with contributing to the deficit in cortisol response to APO. The NO synthase inhibitor AR-R-17477 has been shown to inhibit the phencyclidine-induced deficit in prepulse inhibition (PPI) and acoustic startle (Johansson et al. 1999) . It is possible that the deficit in PPI in patients with SCH may be due to excessive NO production.
Heterogeneity in Responses to Apomorphine in SCH
There was a marked difference in the cortisol response to APO among the patients with SCH in that almost half (25/51, 49%) of them had no increase compared to 2/15 (13%) of the normal controls. This significantly blunted cortisol responses to APO in patients with SCH is in contrast to cerebral blood flow responses to APO. For example, APO, at a dose comparable to that used in this study, activated blood flow to the anterior cingulate cortex and the prefrontal cortex, bilaterally, while it deactivated blood flow to the left superior temporal gyrus, during a verbal fluency (semantic memory) task in 12 unmedicated patients with SCH to a greater extent than in normal controls, indicating an enhanced response to APO in the patient group (Grasby et al. 1992; Fletcher et al. 1996) . APO also improved verbal fluency performance in the patients whereas it had no effect in the controls (Fletcher et al. 1996) . They suggested that this enhanced response to APO in SCH might be mediated via a pre-synaptic DA mechanism (Fletcher et al 1996) . Thus, the heterogeneous responses to APO (the blunted cortisol, but enhanced cerebral blood flow responses to APO) in SCH may be, in part, related to post-versus pre-synaptic DA receptor responsivity or regional difference in DA receptor responsivity. Further studies are needed to understand the biological basis for this heterogeneous responses to APO in SCH.
In summary, the APO-stimulated cortisol and GH responses were blunted in patients with SCH compared to normal controls. The cortisol response of the patients with SCH to APO appears to be bimodal with a large proportion of patients showing no increase at all. The blunted APO-stimulated cortisol responses may be due to D 2 or D 1 , or both, receptor dysfunction while the blunted APO-stimulated GH responses may reflect abnormal D 2 receptor mediated responses. In addition, the blunted APO-stimulated cortisol responses were found to predict poor therapeutic response to antipsychotic drug treatment. These results suggest further study of the HPA axis response to APO as a predictor of treatment response and an index of central dopaminergic function is warranted.
